INTRODUCTION {#h0.0}
============

Typified by vaginal discharge, discomfort, and malodor, bacterial vaginosis (BV) results in millions of health care visits annually in the United States. The prevalence of BV varies globally ([@B1]), from 29% in the United States ([@B2]) to nearly 50% in rural Uganda ([@B3]). Key characteristics of BV include an elevated pH and vaginal microbial communities with reduced proportions of *Lactobacillus* spp. and increased proportions of anaerobes, including species of *Mobiluncus*, *Atopobium*, *Gardnerella*, *Prevotella*, and other taxa of the order *Clostridiales* ([@B4]). The same anaerobic taxa have recently been reported in the penile microbiota, particularly among uncircumcised men ([@B5][@B6][@B7]). However, BV is not recognized as a sexually transmitted condition ([@B8]), partly because the communicability of BV has not been established and the condition might have multiple etiologies.

The diagnosis of BV relies on Gram stain using Nugent's criteria (i.e., a Nugent score of 7 to 10) ([@B9]) or on clinically based Amsel criteria (i.e., at least three of the four criteria, including vaginal discharge, elevated pH, clue cells, and fishy odor). While the Nugent score is less sensitive and specific for diagnosing symptomatic BV than the Amsel criteria ([@B10]), the Nugent score is commonly used in research settings because it is objective, replicable, and feasible in large-scale epidemiological studies, including those conducted in resource-limited countries ([@B3], [@B11][@B12][@B16]). Thus, Nugent-based BV diagnosis (Nugent-BV) forms the basis of most data linking BV to sexually transmitted infection (STI) and HIV susceptibility and transmission ([@B12], [@B17][@B18][@B20]) and to gynecologic and obstetric complications ([@B21], [@B22]). Findings based on Nugent-BV can be interpreted in the context of its epidemiological associations ([@B9], [@B12], [@B17], [@B18], [@B21], [@B22]).

There is growing evidence for the exchange of BV-associated bacteria through sexual intercourse. Previous studies have shown that the penis can harbor BV-associated bacteria and that these bacteria are reduced by male circumcision ([@B5][@B6][@B7]). Furthermore, male circumcision significantly reduces Nugent-BV in female partners ([@B11]). Persistence or recurrence of Nugent-BV after antibiotic treatment is common and may be driven by the reintroduction of BV-associated bacteria through sexual intercourse ([@B23], [@B24]). However, microbiological evidence establishing the exchange of BV-associated bacteria in heterosexual partners is lacking.

The primary goal of this study was to assess the relationship between penile microbiota of uncircumcised men and Nugent-BV in female partners. We characterized the penile microbiota in 165 uncircumcised men from Rakai, Uganda, and the association between the penile microbiota and female partner Nugent-BV status.

RESULTS {#h1}
=======

Study participants. {#s1.1}
-------------------

All 165 participants were HIV-negative, uncircumcised men from Rakai, Uganda. Approximately 40% of participants had a female partner with Nugent-BV, 45% had a partner with a normal Nugent score, and 15% had a partner with an intermediate Nugent score ([Table 1](#tab1){ref-type="table"}). Most participants were in monogamous heterosexual relationships (148/165 \[89.7%\]), and nonmarital sexual relationships were uncommon (24/165 \[14.5%\]). Condom use was also uncommon, and most participants who reported using condoms used them inconsistently (58/60 \[96.7%\]) ([Table 1](#tab1){ref-type="table"}).

###### 

Study participants' sociodemographic characteristics, sexual behaviors, and clinical history

  Parameter                                                             No. (%) of participants (*n =* 165)
  --------------------------------------------------------------------- -------------------------------------
  Age, yr                                                               
      15--19                                                            2 (1.2)
      20--24                                                            30 (18.2)
      25--29                                                            50 (30.3)
      30--49                                                            83 (50.3)
  Partner bacterial vaginosis status (Nugent score)                     
      Normal (0--3)                                                     75 (45.4)
      Intermediate (4--6)                                               30 (18.2)
      Bacterial vaginosis (7--10)                                       60 (36.4)
  Marital status                                                        
      Currently married, monogomous                                     148 (89.7)
      Currently married, polygamous                                     17 (10.3)
  No. of sexual partners in past yr                                     
      1                                                                 93 (56.4)
      2                                                                 53 (32.1)
      ≥3                                                                19 (11.5)
  Nonmarital sexual relationships                                       
      No                                                                141 (85.5)
      Yes                                                               24 (14.5)
  Condom use in past yr                                                 
      None                                                              105 (63.6)
      Inconsistent use                                                  58 (35.2)
      Consistent use                                                    2 (1.2)
  Current condom use                                                    
      No                                                                148 (89.7)
      Yes                                                               17 (10.3)
  Self-reported symptoms of sexually transmitted infection in past yr   
      Genital ulcer disease                                             10 (6.0)
      Urethral discharge                                                4 (2.4)
      Dysuria                                                           7 (4.2)

The seven penile CSTs. {#s1.2}
----------------------

We characterized the penile microbiota using hierarchal clustering and found seven distinct community state types (CSTs) ([@B25]), which could be divided into two major groups: CST1 to 3 and CST4 to 7 ([Fig. 1B](#fig1){ref-type="fig"}; see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Bacterial densities differed significantly among the seven CSTs (by analysis of variance \[ANOVA\], *P* \< 0.001) ([Fig. 1A](#fig1){ref-type="fig"}), indicating that the composition of penile microbiota varied along the bacterial density gradient. The lowest-density CST (CST1) had 1.0 × 10^6^ 16S rRNA gene copies per swab on average (standard deviation \[SD\], 8.2 × 10^5^), and the highest-density CST (CST7) had 1.0 × 10^9^ 16S rRNA gene copies per swab on average (SD, 9.1 × 10^8^) ([Fig. 1C](#fig1){ref-type="fig"}).

![Community state types of the uncircumcised coronal sulcus microbiome. (A) Distribution of bacterial densities for each CST, shown as box plots. The box of each box plot denotes the interquartile range (IQR) (Q1 to Q3) and the corresponding median, whereas the whiskers signify the upper and lower 1.5× IQR. Across the seven CSTs, bacterial densities differed significantly (by ANOVA, *P* \< 0.001). (B) Community state types and the BV partner status evaluated by Nugent score. CSTs were further collapsed into two major groups: the low-density community state types (CST1 to 3) and the high-density community state types (CST4 to 7). (C) Heat map representing the composition and abundance of coronal sulcus bacteria from uncircumcised men. Each column represents one man. Each row depicts the absolute abundance of a coronal sulcus bacterium (e.g., *Prevotella*) and can be interpreted using the annotated color-coding key (bottom, color bar), which denotes the correlation between each color with its respective ln-transformed absolute abundance.](mbo0031523230001){#fig1}

High prevalence of BV-associated bacteria in men with CST4 to 7. {#s1.3}
----------------------------------------------------------------

We identified the bacteria associated with female partner Nugent-BV (i.e., Nugent-BV indicators) versus a normal Nugent score (i.e., normal Nugent score indicators) among our participants using indicator analysis (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). As indicators of a normal female partner Nugent score, *Corynebacterium* and *Staphylococcus* were significantly more prevalent in CST1 to 3 than in CST4 to 7; however, even though *Lactobacillus* was 10% more prevalent in CST1 to 3 than in CST4 to 7, the difference was not statistically significant ([Table 2](#tab2){ref-type="table"}; see [Table S1](#tabS1){ref-type="supplementary-material"}). This discrepancy may be explained in part by the profile of *Lactobacillu iners*. For example, both *L. iners* and *Lactobacillus vaginalis* were associated with having a female partner with a normal Nugent score. However, *L. iners* was equally prevalent in CST1 to 3 and in CST4 to 7 (*L. iners* prevalence in CST1 to 3 of 29.7% and prevalence in CST4 to 7 of 28.1%; *P* = 0.97), but *L. vaginalis*, like *Corynebacterium* and *Staphylococcus*, was significantly more prevalent in CST1 to 3 (*L. vaginalis* prevalence in CST1 to 3 of 22.8% and prevalence in CST4 to 7 of 9.4%; *P* = 0.046). Taken together, our findings suggest that *Lactobacillus* associates consistently with a normal female partner Nugent score but variably with CSTs in a species-dependent manner (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material).

###### 

Prevalence and abundance of female partner Nugent score indicators in men with CST1 to 3 versus those with CST4 to 7

  Group and bacterium                          Prevalence   Proportional abundance[^a^](#ngtab2.1){ref-type="table-fn"}                                                                                  
  -------------------------------------------- ------------ ------------------------------------------------------------- --------- ------------------------------------------------ ------------------- ---------
  Nugent-BV indicator                                                                                                                                                                                    
      *Dialister*                              51 (50.5)    51 (79.7)                                                     \<0.001   1.3 (0.5--2.9)                                   1.8 (1.0--3.5)      0.41
      *Gardnerella*                            40 (39.6)    23 (35.9)                                                     0.76      0.7 (0.4--3.5)                                   0.5 (0.2--1.2)      0.44
      *Mobiluncus*                             22 (21.8)    45 (70.3)                                                     \<0.001   0.5 (0.2--2.4)                                   1.0 (0.3--2.5)      0.22
      *Peptostreptococcus*                     38 (37.6)    31 (48.4)                                                     0.23      2.1 (0.1--3.9)                                   1.2 (0.3--2.5)      0.15
      *Porphyromonas*                          60 (59.4)    61 (95.3)                                                     \<0.001   2.7 (1.0--5.2)                                   6.1 (3.0--10.3)     \<0.001
      *Prevotella*                             81 (80.2)    63 (98.4)                                                     0.001     16.0 (7.3--33.2)                                 28.8 (17.2--41.9)   0.003
      *Saccharofermentans*                     9 (8.9)      40 (62.6)                                                     \<0.001   0.06 (NA)[^c^](#ngtab2.3){ref-type="table-fn"}   0.5 (0.2--1.3)      0.5
      *Sneathia*                               16 (15.8)    12 (18.8)                                                     0.79      0.2 (0.1--0.7)                                   0.3 (0.2--2.0)      0.44
      *Treponema*                              1 (1.0)      20 (31.3)                                                     \<0.001   0.02 (NA)                                        0.1 (0.4--1.6)      0.57
      Unclassified *Clostridiales*             82 (81.2)    64 (100.0)                                                    \<0.001   4.0 (0.8--18.7)                                  22.8 (12.7--32.0)   \<0.001
      Unclassified *Clostridiales* family XI   50 (49.5)    61 (95.3)                                                     \<0.001   0.6 (0.3--1.0)                                   0.9 (0.5--1.6)      0.04
      Unclassified phyla                       20 (19.8)    39 (60.9)                                                     \<0.001   0.2 (0.1--0.4)                                   0.7 (0.2--1.3)      0.01
  Normal Nugent score indicators                                                                                                                                                                         
      *Corynebacterium*                        90 (89.1)    29 (45.3)                                                     \<0.001   7.3 (1.4--22.9)                                  0.5 (0.2--1.2)      \<0.001
      *Lactobacillus*                          40 (39.6)    19 (29.7)                                                     0.26      2.6 (0.3--28.5)                                  0.9 (0.2--7.4)      0.44
      *Staphylococcus*                         55 (54.5)    0 (0.0)                                                       \<0.001   1.0 (0.1--3.5)                                   0 (NA)              \<0.001

To better delineate the difference in proportional abundance from prevalence, only participants who carried a taxon (i.e., carriers) were included in the proportional abundance comparison.

*P* value by Kolmogorov-Smirnov test.

NA, not applicable.

In contrast, indictors of female partner Nugent-BV included *Dialister*, *Mobiluncus*, *Prevotella*, and *Porphyromonas*, which were significantly more prevalent in CST4 to 7 than in CST1 to 3 (*P* \< 0.05) ([Table 2](#tab2){ref-type="table"}; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Notably, even though *Gardnerella* is classically associated with BV, its prevalence was not significantly higher in CST4 to 7 ([Table 2](#tab2){ref-type="table"}).

High proportional abundance of BV-associated bacteria in men with CST4 to 7. {#s1.4}
----------------------------------------------------------------------------

The proportional abundances of BV-associated bacteria were also significantly higher in CST4 to 7 than CST1 to 3, including *Prevotella*, *Porphyromonas*, and unclassified *Clostridiales* (*P* \< 0.05) ([Table 2](#tab2){ref-type="table"}); however, *Lactobacillus* or *Gardnerella* again did not differ significantly across CST group ([Table 2](#tab2){ref-type="table"}). Further analysis of CST1 to 3 and CST4 to 7 indicator bacteria recapitulated the microbiological link between BV-associated bacteria and CST4 to 7 (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material).

Men with CST4 to 7 were more likely to have a partner with Nugent-BV. {#s1.5}
---------------------------------------------------------------------

Men with CST4 to 7 were significantly more likely to have a partner with Nugent-BV than men with CST1 to 3 (CST4 to 7 versus CST1 to 3 prevalence rate ratio \[PRR\], 1.55; 95% confidence interval \[CI\], 1.07 to 2.24). Likewise, men with CST4 to 7 were less likely to have a partner with a normal Nugent score than men with CST1 to 3 (CST4 to 7 PRR, 0.68; 95% CI, 0.48 to 0.97) ([Table 3](#tab3){ref-type="table"}). In contrast, there was no significant association between intermediate Nugent-BV and CST4 to 7 (CST4 to 7 PRR, 1.21; 95%CI, 0.65 to 2.25) ([Table 3](#tab3){ref-type="table"}). Thus, men with CST4 to 7 had higher abundance of BV-associated bacteria and were more likely to have a female partner with Nugent-BV.

###### 

Prevalence of female partner Nugent-BV by coronal sulcus community state type

  CST group         Female partner Nugent score   CST4 to 7 vs CST1 to 3 PRR (95% CI)                                                       
  ----------------- ----------------------------- ------------------------------------- ----------- ------------------- ------------------- -------------------
  CST4 to **7**                                                                                                                             
      (*n =* 64)    30 (56.6)                     23 (43.4)                             11 (17.2)                                           
                                                                                                    1.55 (1.07--2.24)   0.68 (0.48--0.97)   1.21 (0.65--2.25)
  CST1 to 3                                                                                                                                 
      (*n =* 101)   30 (36.6)                     52 (63.4)                             19 (18.8)                                           

Link between sexual activity and CST4 to 7. {#s1.6}
-------------------------------------------

Compared to men with only marital sexual partner(s), having one nonmarital sexual partner was associated with a trend toward increased CST4 to 7 prevalence (CST4 to 7 PRR, 1.23; 95% CI, 0.79 to 1.92), and having two or more nonmarital sexual partners was associated with significantly increased CST4 to 7 prevalence (CST4 to 7 PRR, 1.84; 95% CI, 1.16 to 2.92) (see [Table S4](#tabS4){ref-type="supplementary-material"} in the supplemental material). Other sexual behaviors and urogenital symptoms were too infrequent to be investigated ([Table 1](#tab1){ref-type="table"}). This association between CST4 to 7 and multiple nonmarital sexual partners is similar to the association between BV and the female-reported number of male nonmarital sexual partners ([@B26]).

Female partner Nugent-BV was associated with increased bacterial density among men with CST4 to 7. {#s1.7}
--------------------------------------------------------------------------------------------------

Among men with CST4 to 7, having a female partner with Nugent-BV was associated with a nearly 2-fold increase in bacterial density (men with partner Nugent-BV mean of 4.5 × 10^8^ 16S rRNA genes per swab versus men with partner normal Nugent score mean of 2.3 × 10^8^ 16S rRNA genes per swab; *P* = 0.06) ([Fig. 2](#fig2){ref-type="fig"}). However, the only Nugent-BV indicator that increased significantly in our quasi-Poisson models was *Treponema* (Δ~Nugent-BV\ −\ normal\ Nugent~ = +4.9 × 10^2^ 16S rRNA gene copies per swab; *P* = 0.01), while *Gardnerella* showed a borderline increase (Δ = +1.6 × 10^4^; *P* = 0.09). We found no significant increases in other BV-associated bacteria ([Fig. 3](#fig3){ref-type="fig"}; see [Table S5](#tabS5){ref-type="supplementary-material"} and [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material).

![Coronal sulcus bacterial densities and female partner bacterial vaginosis, stratified by coronal sulcus community state type. These box plots contrast the coronal sulcus bacterial densities in men with versus men without female partner BV, stratified by CST. There was an approximately 2-fold increase in bacterial density among men with a BV partner in the high-density group (CST4 to 7) (BV group mean of 4.5 × 10^8^ versus normal group mean of 2.3 × 10^8^ 16S rRNA gene copies per swab; *P* = 0.06). In contrast, there was a 5-fold bacterial density decrease in the low-density CST group (CST1 to 3) (BV group mean of 8.2 × 10^6^ versus normal group mean of 5.3 × 10^7^ 16S rRNA gene copies per swab; *P* = 0.04).](mbo0031523230002){#fig2}

![Association between female partner Nugent-BV and Nugent-BV indicator in the coronal sulcus based on quasi-Poisson models, stratified by CST. The influence of partner Nugent-BV on coronal sulcus microbiome was especially visible among men with CST1 to 3. In this group, our quasi-Poisson models showed that men with female partner Nugent-BV had significantly higher absolute abundance of BV-associated bacteria than men whose female partner had a normal Nugent score. The predicted increases in BV-associated bacteria included an 18.2-fold increase in *Prevotella* (Δ = +4.6 × 10^5^ 16S rRNA gene copies per swab; *P* = 0.01), a 60.3-fold increase in *Porphyromonas* (*P* = 0.09), and a 16.4-fold increase in *Dialister* (Δ = +1.4 × 10^3^; *P* = 0.004), while the abundance of *Lactobacillus* was 12.2-fold lower in men with partner Nugent-BV (Δ = −9.3 × 10^3^; *P* = 0.01). Among men with CST4 to 7, *Treponema* (Δ = +4.9 × 10^2^; *P* = 0.01) was the only BV-associated bacterium that had significantly higher absolute abundance in men with female partner Nugent-BV than men whose female partner had a normal Nugent score. *Gardnerella* showed a borderline increase (Δ = +1.6 × 10^4^; *P* = 0.09).](mbo0031523230003){#fig3}

Female partner Nugent-BV was linked to decreased bacterial density among men with CST1 to 3. {#s1.8}
--------------------------------------------------------------------------------------------

Some men also had CST1 to 3, despite having a female partner with Nugent-BV (*n =* 30/101 \[29.7%\]). Their penile bacterial densities were 6.5-fold lower on average than those of men whose partner had a normal Nugent score (partner Nugent-BV mean of 8.2 × 10^6^ versus partner normal Nugent score mean of 5.3 × 10^7^ 16S rRNA gene copies per swab; *P* = 0.04) ([Fig. 2](#fig2){ref-type="fig"}). The decrease reflects the lower abundances of *Corynebacterium* (Δ~Nugent-BV\ −\ normal\ Nugent~ = −6.0 × 10^3^ 16S rRNA gene copies per swab; *P* = 0.05), *Staphylococcus* (Δ = −2.2 × 10^3^; *P* = 0.007), and *Lactobacillus* (Δ = −4.5 × 10^1^; *P* = 0.007), based on quasi-Poisson models (see [Fig. S3](#figS3){ref-type="supplementary-material"} and [Table S5](#tabS5){ref-type="supplementary-material"} in the supplemental material).

We also found that female partner Nugent-BV was associated with small but significant increases in 10 of the 12 Nugent-BV indicator species. These 10 Nugent-BV indicators included *Prevotella* (Δ~Nugent-BV\ −\ normal\ Nugent~ = +4.6 × 10^5^ 16S rRNA gene copies per swab; *P* = 0.002), *Porphyromonas* (Δ = +5.9 × 10^4^; *P* = 0.005), *Dialister* (Δ = +1.4 × 10^2^; *P* \< 0.001), and unclassified *Clostridiales* (Δ = +1.6 × 10^4^; *P* = 0.02) ([Fig. 3](#fig3){ref-type="fig"}; see [Table S5](#tabS5){ref-type="supplementary-material"} and [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material).

DISCUSSION {#h2}
==========

Our findings suggest that BV may be sexually transmissible, as indicated by the association between BV-associated bacteria in men and the Nugent score BV of their female partners. Sexual transmissibility of BV is also consistent with the link between multiple partners and BV-associated bacteria in men, which parallels the association between sexual behaviors and BV risk in women ([@B23], [@B26][@B27][@B28]). Sexual transmission of BV may also explain why both topical and oral antimicrobials lack long-term efficacy against BV, since BV-associated bacteria may be reintroduced from the subpreputial space to the vagina through intercourse.

In our study of 165 Ugandan men, BV-associated bacteria were prevalent and abundant in the subpreputial space, and the abundance of these bacteria was significantly associated with the Nugent scores of their female partners, except in the instance of intermediate Nugent scores. Together, these findings indicate that the subpreputial space could be an important niche for BV-associated bacteria in men. Earlier studies reported that the subpreputial space and distal urethra can harbor BV-associated bacteria ([@B5], [@B6]), and circumcision can reduce female partner BV ([@B11]).

The human microbiota can be highly dynamic; thus, the term "community state type" (CST) was coined to reflect the transitional nature of human microbiota ([@B25]). We showed that the penile microbiota are conserved assemblages of genital bacteria that could be represented by seven community state types. In uncircumcised men, the penile CSTs ranged from low bacterial density comprised primarily of skin-associated bacteria to high bacteria density with abundant BV-associated bacteria and other genital anaerobes.

Given the suspected sexual transmission of BV from this and earlier studies ([@B23], [@B26][@B27][@B28]), the most parsimonious explanation for the association between penile microbiota and female partner Nugent score BV is a bidirectional exchange of genital bacteria. While a simple bacterial exchange (i.e., the transfer of genital bacteria from one partner and consequent establishment in the other) may be a sufficient model to explain the meta-population dynamics of BV-associated bacteria, the finding that some men had few BV-associated bacteria (i.e., CST1 to 3) despite having a female partner with Nugent-BV suggests that bacterial interactions may shape genital microbiota composition. After exposure, CST1 to 3 may confer resistance to the establishment of BV-associated bacteria via antagonistic interactions, such as resource competition ([@B29][@B30][@B32]), antimicrobial production ([@B33]), stimulation of the immune system ([@B34], [@B35]), or predation ([@B36]). Even though little is known regarding antagonistic effects of male genital commensals, *in vitro* and coculture studies indicate that the vaginal commensal *Lactobacillus* could inhibit BV-associated bacteria ([@B37][@B38][@B39]). Thus, a possible explanation for the imperfect concordance between penile microbiota and female partner Nugent score is that penile microbiota composition influences the outcome from exposure to vaginal bacteria.

Using 16S rRNA gene absolute abundance as a surrogate of taxon absolute abundance in this study was key to elucidating the associations between Nugent score and penile microbiota, likely because taxon absolute abundance is the most relevant metric for examining ecological interactions ([@B40]). However, to better evaluate our surrogate metric's clinical interpretation and to more fully assess the influence of penile bacteria on female partner vaginal microbiota and vice versa, longitudinal partner studies are needed to assess treatments that eradicate BV-associated bacteria from men and the temporal effects of sexual intercourse on genital microbiota. It will also be important to determine if our findings could be generalized to non-Ugandan populations. Previous studies suggest that antimicrobial resistance and poor drug penetration can challenge decolonization efforts ([@B41][@B42][@B45]). However, study design limitations---including, suboptimal treatment regimen, insufficient randomization methods, limited power, and unknown adherence---may have contributed to previous failed attempts to decrease BV by decolonizing male sexual partners ([@B46]).

If BV is redefined as a sexually transmitted condition, it has the potential to expand the infectious disease framework from transmission of single pathogens to encompass transmission of bacterial communities. This could affect clinical care of BV and justify new preventative and treatment strategies, such as prebiotic, probiotics, or narrow-spectrum antimicrobials to modify the penile microbiota or microenvironments aimed at reducing male carriage, which may ameliorate the persistence and recurrence of BV.

MATERIALS AND METHODS {#h3}
=====================

Study design and subjects. {#s3.1}
--------------------------

Uncircumcised HIV-negative men, 15 to 49 years of age, were enrolled in a randomized trial of male circumcision (MC) for HIV prevention in Rakai, Uganda ([@B47]). At enrollment, coronal sulcus samples were collected by clinicians using sterile cotton-tipped applicators premoistened with sterile saline, which were rolled over the coronal sulcus twice and immediately placed in 1 ml of Amplicor transport medium (Roche Diagnostics, Indianapolis, IN) and stored at −80°C until analysis. Among the enrollment samples from married men who remained HIV negative together with their partner(s) during the trial, 165 samples were selected at random for this study.

The female partners were enrolled into a parallel study ([@B48]) and provided self-collected vaginal swabs, which were evaluated by Nugent's criteria and scored as normal (Nugent score of 0 to 3), intermediate (Nugent score of 4 to 6), or BV (Nugent score of 7 to 11). Among the 17 polygamous men, 15 only had one female partner enrolled. The female partners for the two other polygamous men had concordant BV assignments. Male herpes simplex virus 2 and syphilis serology were assessed as previously described ([@B49]). Extensive demographic and sexual activity data were collected by interview ([@B47]).

Human subject research. {#s3.2}
-----------------------

This study was approved by four institutional review boards: the Science and Ethics Committee of the Uganda Virus Research Institute (Entebbe, Uganda), the National Council for Science and Technology (Kampala, Uganda), the Committee for Human Research at Johns Hopkins University's Bloomberg School of Public Health (Baltimore, MD), and the Western Institutional Review Board (Olympia, WA).

Sample processing. {#s3.3}
------------------

From each sample, 100 µl of the swab eluent was lysed using pressure-cycling technology (Pressure Biosciences, South Easton, MA), purified using the Qiagen AllPrep DNA/RNA minikit (Qiagen, Valencia, CA), and eluted using 100 µl of buffer EB as previously described ([@B5]).

Penile microbiota bacterial density characterization. {#s3.4}
-----------------------------------------------------

Using the purified DNA, we quantified penile microbiota bacterial density, measured as 16S rRNA gene copies per microliter of swab eluent using a broad-coverage quantitative PCR (qPCR) targeting the 16S rRNA gene (V3-V4) ([@B50]). Results were reported as 16S rRNA gene copies per swab (based on 1000 µl of eluent from each swab). A detailed description of laboratory analyses can be found in [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material.

Penile bacterial prevalence, proportional abundance, and absolute abundance calculation. {#s3.5}
----------------------------------------------------------------------------------------

We characterize the penile microbiota by sequencing the bacterial 16S rRNA gene (V3 to V6) using the same qPCR V3F primer on GS FLX (454 Life Sciences, Branford, CT) as previously described ([@B5]). The resultant pyrosequences were chimera checked, demultiplexed, quality checked, and classified taxonomically as previously described ([@B5]) and specifically for *Lactobacillus* species as previously described ([@B25]). We obtained a total of 202,241 reads, with a mean of 1,210 reads per sample (SD, 973; range, 124 to 5,143; median, 930). Taxonomic groups with a single sequence were excluded. *Clostridiales* and *Clostridiales* family XI sequences classified at a \<80% bootstrap confidence level were reported as unclassified *Clostridiales* and unclassified *Clostridiales* family XI, respectively. A detailed description of bioinformatics analysis can be found in [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material.

Bacterial prevalence was calculated for CST1 to 3 and CST4 to 7 as the no. of participants with CST who had taxon/total no. of participants with each CST stratum. Bacterial proportional abundance was calculated for each participant as the no. of sequences of taxon/total no. of sequences, and bacterial absolute abundance was calculated as the proportional abundance of taxon × total microbiota bacterial density, as in a previous study ([@B50]). Neither proportional nor absolute abundance estimates based on 16S rRNA gene copies are identical to estimates of absolute population sizes or their relative abundances because of variation in 16S rRNA gene copy numbers per cell ([@B51]). Still, 16S rRNA gene copies provide a useful proxy for abundance; thus, we use the 16S rRNA gene copy number as a proxy for absolute abundance, allowing comparisons of bacterial communities across human subjects. The 50 most prevalent coronal sulcus bacteria, comprising 99.7% of total sequences, were included in the analysis.

Microbiota CST assignment by hierarchal clustering. {#s3.6}
---------------------------------------------------

To identify community state types (CSTs), we used hierarchal clustering by Ward linkage in Euclidean distance using the *cutree* algorithm through an iterative process as previously described ([@B25]). Comparisons of the 6-, 7-, and 8-CST solutions revealed the 7-CST solution to be the most parsimonious and effective. We further divided the seven CSTs into two major strata---CST1 to 3 and CST4 to 7---based on the first bifurcation of the clustering dendrogram. Bacterial densities among CSTs were compared using analysis of variance.

Identification of indicator taxa for CST, major CST strata, and female partner Nugent score. {#s3.7}
--------------------------------------------------------------------------------------------

We used indicator analysis to identify penile bacteria uniquely associated with CSTs and female partner Nugent score ([@B52]). The indicator species analysis is an objective assessment of a particular genus' representation in an environment or a study group. A genus' indicator value (IV) for a study group is determined based on its proportional abundance and prevalence in the given study group. The IV can range from 0 to 1, with 0 as no indication to 1 as perfect indication. To test the null hypothesis of no difference between our observation and what might be observed by chance, we built IV null distributions by the Monte Carlo procedure using 1,000 resampled data sets with randomized study group assignments. We determined the *P* value for each observed IV based on its location within the null distribution and adjusted for false discovery. A significance level of α = 0.10 was used.

Assessment of relationship between female partner Nugent-BV and penile microbiota across CST strata. {#s3.8}
----------------------------------------------------------------------------------------------------

We compared the prevalence of female partner Nugent-BV versus normal Nugent score in CST1 to 3 versus CST4 to 7 based on prevalence rate ratio (PRR) and its 95% confidence interval (CI) by the Breslow test of heterogeneity in EpiR (version 0.9 to 48) ([@B53]). We then compared partner Nugent-BV indicator prevalence and proportional abundance in CST1 to 3 versus CST4 to 7. We compared female partner Nugent score indicator and *Lactobacillus* species prevalence by chi-square test. Due to the large differences in prevalence, we only included participants with the taxon in the proportional abundance comparisons, which we performed using the Kolmogorov-Smirnov test. A significance level of α = 0.05 was used.

Assessment of relationship between female partner Nugent-BV and penile microbiota within CST stratum. {#s3.9}
-----------------------------------------------------------------------------------------------------

We examined the association between penile microbiota and female partner Nugent-BV (normal and Nugent-BV) within each CST stratum. We compared the bacterial density using a two-tailed *t* test with unequal variance, after excluding outliers based on the interquartile range rule. We compared Nugent-BV indicator absolute abundance using a quasi-Poisson model to predict each indicator's absolute abundance by female partner Nugent-BV status for each CST stratum. Polygamy and extramarital relationship were included in the starting model. The predicted absolute abundances were presented as circle plots, where the area of the circle is proportional to mean absolute abundance. Detailed description of the statistical analyses can be found in [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material.

Nucleotide sequence accession number. {#s3.10}
-------------------------------------

Sequence data have been deposited in GenBank under accession no. SRP058681.
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